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Abstract 
In Denmark, Vattenfall has as decision support investigated different cases to build a CCS demonstration plant. The study 
described here, looks into possible transportation options related to different CO2 storage alternatives considered for two studied 
power plant locations. Based on this study and other decision material, a choice has been made for location and planning of the 
first CCS demonstration chain in Denmark, including capture, transport and storage. 
 
Studied alternative storage locations were: 
x aquifer on the northern shore of the Danish island Sjælland 
x two hub locations on the Norwegian west coast  
x aquifer offshore the Danish west coast  
x two onshore aquifers at Jutland  
 
For these possible storage alternatives, the following transportation options were considered: 
x pipeline onshore 
x pipeline offshore 
x ship, liquefied/refrigerated CO2 
x ship, compressed CO2 
x barge, liquefied/refrigerated CO2  
x barge, compressed CO2 
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Pipeline prerequisites: 
CO2 in the dense phase (at temperature and pressure close to critical point) behaves as a compressible liquid and has a density of 
about 900 kg/m3. The water content must be low enough to avoid corrosion in the pipeline and this is accomplished by a dryer. 
 
Liquefied and refrigerated CO2, prerequisites: 
The captured CO2 can be transported as a refrigerated liquid at -50°C and at a pressure around 7 barg but sufficiently above the 
nominal triple point. The liquefaction is accomplished by compressing the CO2. About 40 % of the CO2 liquefies and the 60 % 
flash gas is cycled back into the compression cycle. The water content must be reduced to a similar content as for the pipeline but 
this is accomplished within the liquefaction cycle. There are two applicable transport solutions, either ship or barge. Ships 
capable of transporting liquefied CO2 at the above conditions already exist. Instead of ships a suitable number of barges could 
work in a continuous loop with one filling at the capture site, one discharging at the storage site and the remaining being 
underway between the loading and discharge point.  A single tugboat will transport the full or empty barge to the next port. The 
density is 1100 kg/m3. The highly flexible logistics of ship or barge transport can make it play an essential role as enabler for 
CCS.  
 
Compressed CO2, prerequisites: 
CO2 can be transported in pressure vessels stacked on a ship or barge. This design utilizes hundreds of pressure “bottles” stacked 
vertically, fabricated from standard 42” pipe suitable for pressures over 100 barg. This is a new method at concept stage with no 
international regulations. Nevertheless several companies are pursuing this theoretical concept. When emptying the vessels some 
of the CO2 will remain and the net delivered density is 800 kg/m3. The water content limit will be similar to the pipeline transport 
alternative. 
 
Conclusions: 
The study evaluated various parameters for the cost estimates, the most important being distance, energy consumption, volume of 
CO2 produced and timing of investment decisions. Results suggest that marine transportation is a viable alternative in enabling 
the build-up of CCS chains, in facilitating early investment decisions and in maintaining flexibility in scaling and tie-in of 
additional CO2 sources. Conventional CO2 liquid transport is a proven technology but will require upscaling whereas compressed 
CO2 transport could prove a competitive alternative if verified as economically and technically feasible. Pipeline transport may 
be the preferred solution for short distances and large volumes of defined projects. 
 
In northern Denmark, there are several deep saline aquifer candidate structures that meet site selection criteria as defined by, for 
example, the European R&D project CO2STORE. The transportation options with different logistics, degree of complexity and 
cost parameters were aspects that were taken into account in deciding on the CCS demo location that is now in planning. After 
completed site-selection, an onshore aquifer nearby the power plant location Nordjyllandsværket was chosen as storage site. This 
choice basically limited the transport options to a short pipeline. 
 
© 2008 Elsevier Ltd. All rights reserved 
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1. Introduction 
Vattenfall is Europe’s fifth largest generator of electricity and the largest generator of heat, operating in Sweden, 
Germany, Poland, Denmark and Finland. Vattenfall runs a large research and development project with the objective 
of developing commercial concepts for the capture of carbon dioxide from large coal-fired power plants and for its 
safe and permanent storage deep underground. The aim of the CCS project is to secure a competitive future supply 
of electricity and heat, and at the same time reduce greenhouse gas emission levels. The target is to achieve secure 
and financially feasible technologies for almost complete elimination of carbon dioxide emissions and other 
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conventional emissions. Vattenfall is currently designing demonstration power plant projects in Denmark and 
Germany. 
 
In connection to the Danish Demo project, Vattenfall has as decision support investigated different cases to build 
a CCS demonstration plant. The study described here, Haugen et al. 2008 [5], looks into possible transportation 
options related to different CO2 storage alternatives considered for two studied power plant locations. Based on this 
study and other decision material, a choice has been made for location and planning of the first CCS demonstration 
chain in Denmark, including capture, transport and storage.   
 
Studied alternative storage locations were: 
x aquifer on the northern shore of the Danish island Sjælland 
x two hub locations on the Norwegian west coast  
x aquifer offshore the Danish west coast  
x two onshore aquifers at Jutland  
 
For these possible storage alternatives, the following transportation options were considered: 
x pipeline onshore 
x pipeline offshore 
x ship, liquefied/refrigerated CO2 
x ship, compressed CO2 
x barge, liquefied/refrigerated CO2  
x barge, compressed CO2 
2. Transport mode options 
The transport of carbon dioxide can be designed in various ways. Each of the various logistics options (pipeline, 
ship or barge) has its own discreet physical boundary conditions that require different technical solutions. The 
capacity, service speed, number of ships and shipping schedule will be planned, taking into consideration, the 
capture rate of CO2, transport distance, and social and technical restrictions [8]. 
2.1. Pipeline 
Transportation of CO2 in pipeline will occur under physical conditions above the CO2 critical point (T and P). 
This critical phase is generally known as dense phase CO2. In the dense phase CO2 behaves as a compressible liquid 
with a density of about 900 kg/m3. The pressure at the injection must be above ~70 barg in order to accomplish 
dense phase. This means that the pressure drop in the pipeline must be compensated for by the CO2 compressor at 
the capture plant. For practical reasons, the maximum pressure for pipeline transport on land was for the calculations 
chosen to 100 barg for this study. Higher pressure might be used in final design and higher pressure exists for 
onshore CO2 operations in the oil/EOR industry in USA, e.g. the Weyburn pipeline between USA and Canada 
operates at 187 barg (2700 psi) [9]. In order to avoid corrosion in the pipeline the water content form the capture 
stream must be below 500 ppm (vol%). [3] This limitation can be achieved using coolers and separators in the 
capture plant. 
 
2.2. Ship, liquefied & refrigerated CO2 
 The captured CO2 can be transported as a refrigerated 
liquid at -50°C and at a pressure around 7 barg1. In this 
concept, also proposed by Aspelund el. al. [1], the liquefaction 
 
1 I.e. the pressure in the tank relative to the atmospheric pressure. Figure 1. NORGAS NAPA 10,000m3 CO2 capable gas carrier 
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is accomplished by compressing the CO2 and then flashing it in the storage tank. About 40 % of the CO2 liquefies 
and the 60 % flash gas is cycled back into the compression cycle. The total compression work increases by 20 % 
above net CO2 input. The water content must be reduced to less then 50 ppm (vol%) [6] and is accomplished by a 
drying process (such as a Zeolite dryer). The liquid density is 1100 kg/m3.  
 
The flexible logistics of ship transport can play an essential role as an enabler for CCS. Vessels already exist that 
are capable of transporting liquefied CO2 at the above conditions. Six such vessels owned by IM Skaugen of 
Norway have capacities ranging from 8,500 to 10,000m3 and currently operate in the ethylene trade, see Figure 1. 
These vessels could be deployed in early CCS pilot or demonstration projects.   However, commercial scale projects 
will likely require purpose built vessels with larger capacities. For full scale CCS projects, CO2 carriers of 15,000m3 
to 40‚000 m3 could prove economically feasible due to that fewer journeys is needed compared with ships of less 
capacity. Transport of liquefied CO2 is proven technology and is currently used for CO2 for i.e. the food industry. 
The volumes for these transports are significantly smaller and occurs with vessels sized 900-1250 m3 that contain 
liquefied CO2 at temperature of –25 °C to –30 °C and pressure typically 14-16 barg [6].  
2.3. Barge, liquefied & refrigerated CO2  
The same method of liquefying CO2 may be applied in novel 
logistics concept that utilizes integrated tug barges (ITBs) 
instead of ships, see Figure 2. Under this logistic scenario three 
(or more) barges would work in a continuous loop with one 
filling at the capture site, the second would be underway 
between the loading and discharge point and the third would be 
discharging at the storage site. A single tugboat will transport the 
full or empty barge to the next port and swap it out with the one 
having just finished loading or discharge. Thus the intermediate 
storage at both the capture and storage sites, needed for the ship 
solution, can be eliminated in this scenario. There is no 
regulation for this type of transport today and the concept has 
not been proven or demonstrated. 
2.4. Ship or Barge, compressed CO2 
CO2 could also be transported in compressed form in 
the dense phase by stacking many small pressure vessels 
on a ship or barge. This proposed concept currently lacks 
regulatory qualification and commercial verification. 
Nevertheless several companies are pursuing this 
theoretical concept and an example of such a design is 
illustrated in figure 3. This design utilizes hundreds of 
pressure “bottles” stacked vertically. They are fabricated 
from standard 42” pipe suitable for pressures over 100 
barg. As described in section 2.3 an ITB solution could be 
applied. Not all of the CO2 can be straightforwardly 
discharged and therefore a certain amount of “heel” 
remains in the bottles. This heel essentially limits the net 
transport capacity to an effective equivalent density of 800 
kg/m3. The water content limit is the same as for the 
pipeline transport. A logistical advantage of this concept is that when the small pressure vessels are needed for other 
purpose than CO2 transport the fittings can be used for land based pipeline. Before this concept can be commercially 
used it needs to be demonstrated, verified, certified and proven. There is however great potential in the concept due 
to its flexibility, which no other transport solution can provide. 
Figure 3. Construction of ship for compressed CO2. 
Figure 2. Concept picture of a barge 
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3. Logistics 
The key issues concerning the transport element in CCS 
are flexibility, cost, safety and energy consumption. 
Flexibility is critical in both the buildup phase and during 
operation. Shipping offers outstanding supply agglomeration, 
combining sources and storages in a dynamic architecture. As 
an example, before capture sites reach mature CO2 capture 
volumes, shipping can avoid investment in over-sized 
pipelines. Dependence on political decisions makes all CCS 
schemes utterly vulnerable to cost. Therefore it may be 
beneficial to transport the CO2 by a variety of methods during 
a CCS-site’s lifetime in order to accommodate economic 
aspects, flow variations in both the demo and commercial 
phases, regulatory restrictions, pipeline permit and installation 
time. When planning the transportation of CO2 it is important 
to look upon the entire CCS chain. The planning phase should 
address phase-in of future potential volumes in a holistic 
approach that includes shipping and pipeline solutions as 
shown in figure 4. However, ship transport is not seen as an 
acknowledged transportation option in Europe in the drafting 
of Monitoring and Reporting Guidelines for Carbon Capture and Storage [12]. 
 
3.1. Complexity of a large urban area 
 In Europe the population density is relatively high and power 
plants are normally located in the outskirt of cities. Depending on 
where the chosen storage site is located, the CO2 transport pathways 
may run through the center of the city, see figure 5. In such cases 
where the pipeline must be built in complex urban areas, finding 
space might be problematic and the safety issues need to be 
addressed differently. To protect the pipe from punctures, i.e. from 
excavators, avoid CO2 release and increase safety, special mitigation 
efforts must be taken. These measures could include increased pipe 
wall thickness, decreased block valve spacing, additional safety 
barriers, etc. all of which will result in increased pipeline cost. 
Another concern when passing through an urban area is public 
acceptance for the pipeline.       
 
 
 
 
 
4. Time perspective, development steps and timing of investment 
decisions  
The Vattenfall demonstration power plant project in Denmark was preceded by a systematic approach in the 
screening of power plant sites, candidate storage sites and transportation routes. The major alternatives were a 
Figure 4. Concept picture of logistic transport options 
Figure 5. CCS scenarios in Denmark, including 
large complex urban area (Copenhagen) 
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scenario close to the city Aalborg at North Jutland, and a scenario in the complex urban area of the capital 
Copenhagen (figure 5).  
 
At Aalborg, an obvious CCS chain of interest was based on a saline aquifer at only about 30 km from the power 
plant, Nordjyllandsværket.  
In Copenhagen, the situation was more complicated, including aspects of the complex urban area. The assessed 
transport alternatives investigated for Copenhagen may be summarized as: 
 
x Initially installation of a small diameter pipeline for the demo plant CO2 volume with a later investment of a 
larger pipeline diameter for commercial volumes, with onshore or offshore alternative routes. 
x Initial transport of the CO2 by ship and later investment in a large pipeline for commercial volumes 
x No initial investment in transport infrastructure for a demo plant (if the demo is located elsewhere) but later 
investment in a large pipeline for the commercial volumes  
 
As a result the chosen power plant location for the first CCS demo was in northern Denmark with a rather short 
pipeline and a chosen onshore saline aquifer nearby as storage site. (Currently geological verification is an important 
project step to follow). This choice avoided the transport challenges of power plant sites in Copenhagen for 
Vattenfall in the early demonstration phase.  
5. Cost considerations 
The cost estimation is based on information for two capture sites, one in an urban area and one in a less complex 
environment. The transport cost varies with the distance to the storage aquifer and the volume of captured CO2 per 
year. The captured volume per year will also dimension the pipeline diameter or number/capacity of the ships, 
which will affect the cost. A basis for the cost model used is described in Eldrup et al.[4] and then further developed. 
The estimation below does not include the power plant capture nor the storage site with its required equipment. The 
various transport alternatives of the CCS transport chain are illustrated in figure 6 and include the various parts for 
each option. The figure shows that both the refrigerated alternatives need a heating system in order to achieve the 
storage at the aquifer. An advantage with the barge solution for compressed CO2 is that no intermediate storages are 
needed as for the both ship alternatives (compressed and liquefied). The transport solution with three barges that 
circulates offers an economically favorable solution until the capture volumes have increased enough to justify a 
pipeline. The cost variations for the transport alternatives are shown in figure 7 for pipeline options and in figure 8 
for ship/barge alternatives. 
Figure 6. Options for transport of CO2 from power plant to incection site – the whole chain  
Unloading
Ship transport
Combined barges; storage-transport-storage
Combined barges; storage - transport - storage
Booster pump Pipeline
Pipeline
Ship with compressed CO2
Storage
Loading
Un-
loading
Ship transport
Lique-
faction
HeatDrying Loading
Barge with compressed CO2
Ship with refrigerated liquid CO2
Lique-
faction
HeatingDrying
Barge with refrigerated liquid CO2
Storage
Storage Storage
Power
Plant
Aquifer
1670 H.A. Haugen et al. / Energy Procedia 1 (2009) 1665–1672
 Haugen et al. / Energy Procedia 00 (2008) 000–000 7 
 
Figure 7. Specific cost for pipeline transport for various volumes and distance 
Figure 8. Specific cost for ship or barge transport, Copenhagen 170 km 
6. Conclusions 
The study evaluated various parameters for the cost estimates, the most important being: 
x Distance  
x Energy consumption,  
x Volume of CO2 produced and the  
x Timing of investment decisions.  
The results suggest that marine transportation is a viable and flexible alternative in enabling the build-up of CCS 
chains, in facilitating early investment decisions and in providing scaling flexibility and tie-in of additional CO2 
sources. Conventional CO2 transport as liquid is proven technology in small scale. Compressed transport in ships 
might prove interesting once it is verified as economically and technically feasible. Pipeline transport is favorable 
for short distances and in rural areas or for large commercial volumes for defined projects. 
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In northern Denmark, there are several deep saline aquifer candidate structures that meet site selection criteria as 
defined by, for example, the European R&D project CO2STORE [2]. The transportation options with different 
logistics, degree of complexity and cost parameters were aspects that were taken into account in deciding on the 
CCS demo location that is now in planning. After completed site-selection, an onshore aquifer nearby the power 
plant location Nordjyllandsværket at Aalborg was chosen as storage site. This choice basically limited the transport 
options to a short pipeline. 
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